INTRODUCTION
Telomeres are specialized nucleoprotein complexes that protect the ends of linear eukaryotic chromosomes from degradation and end-to-end fusion (1) . Loss of a telomere in yeast leads to cell cycle arrest (2) and telomere shortening in human cells has been implicated in both senescence and tumourigenesis (3) . In most organisms telomeric DNA consists of G-rich sequence repeats of 6-8 bp arranged in tandem to form long double-stranded arrays (4) . These sequence repeats are bound by sequence-specific DNA binding proteins such as RAP1 from the budding yeasts Saccharomyces cerevisiae (5) and Kluyveromyces lactis (6) , the more distantly related TAZ1 from Schizosaccharomyces pombe (7) and the vertebrate TTAGGG repeat binding factors TRF1 and TRF2 (8) (9) (10) (11) . For several of these telomere binding proteins there is in vivo evidence that they are involved in telomere length regulation, presumably by regulating access of telomerase, the reverse transcriptase-like enzyme that adds telomeric repeats (7, (12) (13) (14) .
Despite the apparently conserved function of telomeric repeat binding proteins, they share a limited amino acid sequence similarity. This similarity is confined to a domain of ∼50 amino acids which resembles the DNA binding motif present in the c-Myb family of transcriptional activators (4) . The Myb-like domains of human TRF1 and TRF2 are very closely related to each other (56% sequence identity), as are those of S.pombe TAZ1 and human TRF1 (30% sequence identity). Interestingly, whereas these telomere repeat binding proteins contain only a single Myb-like domain, the DNA binding domain of the Myb proteins typically consists of three tandem repeats of the Myb motif, and at least two are required for sequence-specific DNA recognition (15, 16) . This raises questions concerning the oligomerization state of telomere repeat binding proteins. In the case of human TRF1 it has recently been demonstrated that the protein binds as a pre-formed homodimer to multiple copies of the TTAGGG telomeric repeat (17) .
The apparent requirement of two juxtaposed Myb-domains for sequence-specific recognition is observed in the high resolution three-dimensional structure of the DNA binding domain of the telomere binding protein RAP1 from S.cerevisiae in complex with a telomeric DNA binding site (18) . RAP1 binds to telomeric DNA as a monomer but contains two intramolecular and structurally very similar subdomains which are arranged on the DNA in a tandem orientation, each recognizing the sequence GGTGT, which occurs twice in the DNA-binding site. The structure shows that, despite any significant sequence similarity, the RAP1 subdomains are structurally closely related to the Myb DNA binding motifs (19) . This structural similarity arises from the presence in both proteins of a three-helix bundle (4, 18) . Embedded in each three-helix bundle is a helix-turn-helix (HTH) DNA binding motif (20) . The HTH motif sits in the DNA major grove and makes base-specific contacts primarily using residues from the DNA recognition helix. However, the structures of the c-Myb and RAP1 domains are different in one important aspect. In RAP1 the three-helix bundle of each domain is augmented by a short N-terminal arm that interacts directly with bases in the minor groove. This DNA binding mode classifies the RAP1 domains as homeodomains (21) , another class of three-helix bundle containing a DNA binding motif. The presence of the N-terminal arm has the effect of increasing the length of DNA sequence that can be recognized from 3-4 bp, as seen the structure of the c-Myb-DNA complex, to 5-6 bp, as seen for RAP1 (18, 19) .
Since the DNA binding affinity of the TRF1 homodimer increases with the number of TTAGGG telomeric repeats (17, 22) , binding of the full-length protein is likely to be complex. In order to simplify the problem we have analysed the binding properties of the isolated Myb-like domain of human TRF1 to obtain precise information on the phase and sequence of the DNA binding site recognized by this domain. In particular, we wanted to address the question of whether the TRF1 Myb-like domain binds like c-Myb (4) or as a homeodomain, as seen in RAP1 (21) . We show that in contrast to c-Myb, the isolated Myb-like domain of TRF1 binds specifically and with a significant affinity to telomeric DNA as a monomer. Primer extension analyses and DNase I footprinting studies define the binding site of the TRF1 Myb-like domain to be centred on the sequence 5′-GGGTTA-3′ and show that two domains can bind on telomeric DNA with a centre-to-centre spacing of 6 bp. Based on a combined comparison of amino acid sequences and structural information from the structurally closely related RAP1, the Engrailed homeodomain and c-Myb protein-DNA complexes, we propose a three-dimensional model for interaction of the Myb-like domain of TRF1 with DNA. The implications of this model for binding of the full-length TRF1 dimer and emergence of a conserved protein fold for recognition of conserved telomeric repeats are discussed.
MATERIALS AND METHODS

Oligonucleotides
All oligonucleotides were synthesized on an Applied Biosystems 380B DNA synthesizer and purified on denaturing polyacrylamide gels. T3692 and T5630 are complementary oligonucleotides containing the two-repeat telomeric sequence (T3692, 5′-CAGATC-GAATTCGGATTCCCTAACCCTAAGGAAGGAATTCATCC-AG-3′). The complementary oligonucleotides T3693 and T5172 are identical to T3692/T5630 but contain a mutated two-repeat telomeric sequence (5′-…TGCCTAAGCCTAAG…-3′). T5959 and T5960 are complementary oligonucleotides containing the three-repeat telomeric sequence (T5959, 5′-CAGATCGAATTCG-GCCCTAACCCTAACCCTAAAGGAATTCATCCAG-3′). The oligonucleotides used as primers for the primer extension analysis were T3629 (5′-CAGATCGAATTCG-3′) and T6217 (5′-CTGGATGAATTCC-3′). The concentrations of oligonucleotides were estimated from OD 260 measurements using sequence-specific extinction coefficients (32) .
Cloning, expression and purification of TRF1 371-439 and TRF1 To obtain the Myb-like domain of TRF1, residues 371-439 and 337-439 of TRF1 (Fig. 1a) were PCR amplified (Vent DNA polymerase; Biolabs) from a plasmid containing the TRF1 gene (a gift from Dr Titia de Lange). Primers compatible for cloning into the NdeI and BamHI restriction sites of expression plasmid pET13A (33) were used and the resulting constructs confirmed by dideoxy sequencing. Escherichia coli strain BL21 pLysS was transformed (34) and the cells grown at 37_C in 2× TY medium containing 50 µg/ml kanamycin, 25 µg/ml chloramphenicol and 0.4% glucose to an OD 600 of ∼0.3-0.6 before induction with 1 mM IPTG. Cells were then grown for a further 4 h, harvested by centrifugation and the pellets stored at -70_C. The pellets were resuspended in a buffer containing 50 mM Tris-HCl, pH 8.0, 5% glycerol, 5 mM EDTA, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, sonicated and centrifuged. Both TRF1 371-439 and TRF1 337-439 proteins were purified using column chromatography. Supernatants were loaded onto a DEAE CL-6B Sepharose column (12 × 5 cm, flow rate 120 ml/h, 4_C; Pharmacia) and the flow-through collected. This was loaded directly onto a HPLC SP-5PW column (21.5 × 1.5 cm, flow rate 4 ml/min, 22_C; Toyosoda) and eluted with a gradient of 0.0-1.0 M NaCl in 50 mM Tris-HCl, pH 8.0. At this stage TRF1 371-439 was purified further on a Phenyl Sepharose column (8 × 2.5 cm, flow rate 1 ml/min, 22_C; Pharmacia). Prior to loading on the column the sample was made 1 M (NH 4 ) 2 SO 4 , 0.6 M NaCl. TRF1 371-439 was eluted with a gradient of 1.0-0.0 M (NH 4 ) 2 SO 4 in 50 mM Tris-HCl, pH 8.0, 0.6 M NaCl. The final purification step for both TRF1 371-439 and TRF1 337-439 was on a HPLC RP-Nucleosil 300-10 C8 column (15 × 2 cm, flow rate 5 ml/min, 22_C; Macherey-Nagel). Protein samples were made 25% acetonitrile and 1% trifluoroacetic acid before loading onto the column and elution carried out with a gradient of 25-60% acetonitrile in 0.1% trifluoroacetic acid. Both proteins were refolded on a HPLC SP-5PW column (7.5 × 0.75 cm, flow rate 1 ml/min, 22_C; Toyosoda). The buffer was changed to 0.1 M (NH 4 )OAc, pH 4.8, 50 mM Tris-HCl, pH 8.0, over 10 min. Proteins were eluted with 1.0 M (NH 4 )OAc, pH 4.8, 50 mM Tris-HCl, pH 8.0, and concentrated by ultrafiltration in a Centricon SR3 (Amicon). Aliquots were flash frozen in liquid nitrogen. At the end of the purification proteins were >90% pure as judged by SDS-PAGE and Coomassie staining. The identities of TRF1 371-439 and TRF1 337-439 were confirmed by N-terminal amino acid sequencing. Protein concentrations were estimated from the extinction coefficient (ε 280 ∼ 40727/M/cm) determined from amino acid analysis.
Gel retardation analysis and estimation of dissociation constants
For binding experiments one of the DNA strands was 5′-labelled with [γ-32 P]ATP using T4 polynucleotide kinase (Biolabs) and annealed with an equimolar amount of unlabelled complementary strand. Binding reactions were performed at somewhat different protein and DNA concentrations for different experiments. Details are given in the figure legends. The binding buffer contained 20 mM HEPES, pH 7.9, 150 mM KCl, 1 mM MgCl 2 , 0.1 mM EDTA, 4% Ficoll 400, 1 mM DTT, 5% glycerol and 0.5 mg/ml BSA. Binding reactions were incubated at 4_C for at least 1 h before analysis on 8-10% native polyacrylamide gels (37:1, 0.5× TBE). Electrophoresis was carried out at 4_C. Gels were dried and visualized either by autoradiography or by using a Molecular Dynamics phosphorimager system and the supplied software (ImageQuant). Band intensities were corrected for background and compared with a calibration curve with known DNA concentrations.
Dissociation constants (K d ) were calculated based on the equations of Riggs (35 
Primer extension analysis
To generate DNA fragments that are truncated at different positions from both ends of the double-stranded DNA fragment 10 pmol primers T3629 and T6217 were radioactively labelled at their 5′-ends, annealed with 15 pmol templates T3692 or 5959 and T3629 or T5630 (see above) respectively, ethanol precipitated, dried and resuspended in TE (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Elongation of the primers was carried out using the didioxy sequencing reaction. DNA (160 µl) was mixed with 68 µl water, 48 µl 100 mM DTT, 32 µl buffer (280 mM Tris-HCl, pH 7.5, 350 mM NaCl, 100 mM MgCl 2 ), 16 µl Sequenase buffer and 4 µl 13 U/ml Sequenase (US Biochemical-Amersham). The mixture was divided into four 80 µl samples and each incubated with 40 µl T, C, G, A termination mixes (0.015 mM dXTP, 0.015 mM ddXTP, 0.075 mM dNTP, 40 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 50 mM NaCl) for 5 min at 37_C and phenol/chloroform extracted.
Termination mixes were combined and the overhanging 5′-ends of the templates removed by addition of 1.9 ml 124 U/µl mung bean nuclease (Pharmacia). DNA samples were then phenol/chloroform extracted, concentrated by rotary evaporation to a volume of 100 µl and dialysed in TE. Samples of 12 µl DNA were incubated with protein at a concentration of 1.3 × 10 -8 -3.2 × 10 -8 M in 30 µl and binding reactions carried out as described above. Bound DNA was separated from unbound on native polyacrylamide gels (10%, 0.5× TBE). Gels were autoradiographed wet, bands corresponding to bound and unbound DNA excised and the DNA extracted in 0.5 M (NH 4 )OAc, pH 4.8, 0.1% SDS, 1 mM EDTA, 50 µg/ml proteinase K and 10% methanol for 36 h at 37_C. After filtration (Spin-X) and ethanol precipitation pellets were washed and dried. Pellets were resuspended and analysis carried out by electrophoresis in a 15% sequencing polyacrylamide gel. Relative dissociation constants were calculated from the intensity of the bands quantified using a Molecular Dynamics phosphorimager system and the supplied software (ImageQuant). The relative dissociation constant (K rel ) for binding to the two-repeat DNA site with length x in comparison with the full-length fragment (36) is
]. The relative concentrations correspond to the ratios of the band intensities in the unbound and bound DNA samples. The dissociation constant for the binding of two proteins to the three-repeat DNA site is 
DNase I footprinting analysis
For the DNase I footprint analysis the two-repeat sequence (annealed oligonucleotides T3692 and T5630) were cloned into the SmaI site of pBend2 (36) . The NheI-HindIII restriction fragment was then cut out and gel purified. The 3′-end of the G-rich strand was radioactively labelled by a filling in reaction of the NheI site, using [α-32 P]dCTP and reverse transcriptase. The 3′-end of the C-rich strand was labelled in the same way by filling in the HindIII site, using [α-32 P]dATP. Binding reactions were carried out at a DNA concentration of ∼1 × 10 -9 M and a TRF1 371-439 concentration of 4 × 10 -8 M, in a binding buffer containing 20 mM HEPES, pH 8.0, 100 mM KCl, 10 µg/ml BSA, 0.1% Triton X-100, 5% glycerol, 2 mM MgCl 2 , 10 µg/ml sonicated calf thymus DNA. The naked DNA and protein-DNA complex were digested at room temperature in 20 µl using 2 µl DNase I at 0.5 U/ml. Aliquots of 10 µl were removed at 4 and 8 min and DNase I digestion stopped by addition to Eppendorf tubes containing 10 µl 6 mM EDTA and 20 µl phenol. Samples were then extracted, 1 µg sonicated calf thymus DNA added, made 0.3 M NaOAc, pH 6.0, and ethanol precipitated. Pellets were carefully washed with cold 70% ethanol (-20_C) and dried. Analysis was carried out in 8% polyacrylamide sequencing gels. The gels were dried and visualized using a Molecular Dynamics phosphorimager. The intensities of bands were quantified using the program GELTRAK (37) . Difference probability plots were calculated by subtracting the probabilities of cleavage for each bond in the naked DNA from the corresponding probabilities in the protein-DNA complex. The probabilities of cleavage were calculated using the equation: where the integrated area (A n ) of a band n is divided by the sum of the integrated area (A m ) of uncut DNA plus all the fragments (bands) longer than and including band n (38) . The difference probability plots were calculated by subtracting the natural logarithm of the probability of cutting for the naked DNA from the natural logarithm of the probability of cutting for the protein-DNA complex. In each case the bond cut is on the 3′-side of the base numbered.
Modelling of the of TRF1 Myb-like motif-DNA complex
All model building was done using the program O (39) running on an Indigo 2 workstation (Silicon Graphics). The coordinates of c-Myb (PDB accession no. 1mse), Engrailed (PDB accession no. 1hdd) and RAP1 (PDB accession no. 1ign) were obtained from the Brookhaven Protein DataBank. The side chains of c-Myb (residues c93-c135) were changed to correspond to the TRF1 sequence. This caused only one major steric clash, which was corrected. Two additional residues, Y410 and K411 of TRF1, were inserted in the loop between helices 2 and 3, assuming the most likely backbone conformation. The N-terminal arm of the Engrailed homeodomain (residues 3-5, numbering according to PDB accession no. 1hdd) was appended to the N-terminus of the TRF1 Myb domain model and modified in a single position (Pro4) for the TRF1 sequence. A B-DNA model of the human telomeric sequence was generated using Insight II (Biosym Technologies).
Prediction of the theoretical DNase I footprint
In order to obtain a theoretical DNase I footprint the B-DNA of the modelled protein-DNA complex was extended beyond the region of the TRF1 Myb-like domain-DNA complex by ∼10 bp. Then the three-dimensional structure of the DNase I-DNA complex (PDB accession no. 1dnk; 30) was superimposed along the DNA of the model. The superimpositions were done using the C1′ atoms of three base pairs surrounding the proposed active cleavage site of DNase I and the corresponding atoms of the three consecutive base pairs in the modelled complex. Protection from DNase I cleavage was assumed if the physical shape of DNase I sterically clashed with that of the TRF1 Myb-like domain.
RESULTS
The Myb-like domain of TRF1 binds specifically to telomeric DNA as a monomer
The first experiment performed was to determine whether the Myb-like domain of TRF1, which is located in the C-terminus of the 439 residue protein ( Fig. 1a; 8) , is sufficient to bind to DNA and whether it binds as a monomer or dimer. In order to accomplish this two different length constructs encompassing this domain, TRF1 371-439 and the longer TRF1 337-439 , were expressed in E.coli and the two proteins purified to homogeneity (Materials and Methods). The two different length proteins were incubated at varying concentrations with a DNA binding site containing two copies of the human telomeric TTAGGG repeat and complex formation analysed by native gel electrophoresis. Figure 2 (lanes 1  and 5) shows that each protein binds to the two-repeat sequence and forms a single complex whose migration is dependent on the size of the protein used. Since no intermediary migrating protein-DNA complex was detected when equimolar amounts of the two proteins were used in the incubations (Fig. 2, lane 3) , it can be concluded that the Myb-like domain of TRF1 binds as a monomer to the two-repeat site and furthermore that the binding site of the TRF1 Myb-like motif is contained within the two-repeat sequence TTAGGGT-TAGGG. To investigate further the DNA binding mode of the TRF1 Myb-like domain the gel retardation analysis described above was repeated using a longer DNA site containing three TTAGGG repeats. Figure 2 , lanes 7 and 11, shows formation of two complexes: a fast migrating complex that corresponds to binding of a single protein and a slow migrating one that corresponds to binding of two proteins. Since previous results suggested that the Myb-like domain of TRF1 was not able to bind to DNA (17), we went on to evaluate its DNA binding affinity. The dissociation constant for binding of TRF1 371-439 to the two-repeat sequence was estimated from a quantitative gel retardation analysis (Fig. 3a) as described in Materials and Methods. The plot in Figure 3b shows the concentration of complex plotted against the concentration of complex divided by the concentration of free DNA. The dissociation constant was estimated from the slope to be 3.2 ± 0.5 × 10 -9 M. The concentration of active protein can be calculated from the ordinate intercept and the total protein concentration (see Materials and Methods), which in this case gives a value of 0.28. The activity coefficient corresponding to ∼28% active protein may indicate only partial refolding of the protein after the purification step involving a reverse phase column. Next, in order to show that the affinity is specific for the human telomeric repeat (TTAGGG), we performed a competition binding experiment (as described in Materials and Methods) with an oligonucleotide containing two point mutations in the repeat sequence. Figure 3d shows a plot derived from the data presented in Figure 3c . In this plot the concentration of total mutated DNA divided by the concentration of total specific DNA is plotted against the amount of complex without competitor minus the amount of complex with competitor divided by the amount of complex with competitor. The slope of this plot gives the ratio of the binding affinity for the mutated DNA versus the specific. The introduction of the point mutations (TTAGGCTTAGGC) reduced the binding affinity by a factor of 43 ± 3, which is consistent with the results of similar experiments with full-length TRF1 (22) . From competition binding experiments using poly(dI·dC) we estimate a non-specific binding constant of 3.8 ± 0.6 × 10 -6 M (not shown). The DNA binding affinities of two TRF1 Myb-like domains interacting simultaneously with the three-repeat sequence are essentially identical (not shown), indicating that the proteins bind without positive or negative cooperativity to the three-repeat sequence.
These binding experiments show that the Myb-like domain of TRF1 can bind to DNA with high specificity and affinity as a monomer. This result is in contrast to the c-Myb proteins, which require at least two motifs for efficient DNA binding (15, 16) . The measured DNA binding affinity lies in the range of values reported for various homeodomains that can also bind sequence specifically to DNA as monomers (23) (24) (25) (26) . Although interaction of the single Myb-like domain of TRF1 with telomeric DNA is specific, the specificity is likely to be significantly increased in a homodimer of the full-length protein (17) and, presumably, the juxtaposition of two Myb-like motifs on telomeric DNA.
The Myb-like domain of TRF1 binds to the sequence TAGGGTTAG
We have used primer extension analysis (27) to define the outer borders of the binding site of the Myb-like domain of TRF1. For this analysis various length binding sites were generated using Sequenase and dideoxy nucleotides as described in Materials and Methods. These different length binding sites were then incubated with protein and the bound DNA separated from unbound by gel retardation electrophoresis. Information on the sequence required for high affinity binding was obtained by comparison of the bound and unbound families of DNA fragments after analysis in denaturing polyacrylamide gels. Figure 4 shows the results of this analysis for binding of the TRF1 Myb-like motif to the two-repeat and three-repeat DNA binding sites. The relative dissociation constant, K rel (for binding of the protein to truncated fragments versus full-length DNA), was plotted for both ends of the relevant DNA binding sites (see Materials and Methods) and is shown in Figure 4b and c. For a single Myb domain bound to the two-repeat sequence the DNA binding site with full binding affinity is 5′-TTAGGGT-TAGG-3′ (K rel > 0.8) and that with significant affinity (K rel > 0.2) is 5′-TAGGGTTAG-3′ (Fig. 4a and c) . In comparison, for two Myb domains bound simultaneously to the three-repeat sequence the binding site with full binding affinity is 5′-TTAGGGTTAGGGTT-AGG-3′ and that with significant affinity is 5′-TAGGGTTAGGGT-TAG-3′ ( Fig. 4b and d) . Hence, the binding site for two proteins is exactly 6 bp longer than that for one protein. Furthermore, the boundaries of the binding site are the same for two bound proteins on the three-repeat as for a single protein bound to the two-repeat sequence. This, together with the observation that the DNA binding affinities for one and two proteins are essentially the same (see above), provides experimental evidence that the Myb-like motif of TRF1 recognizes the same sequence within the two-repeat and in the three-repeat sequences. In conclusion, these results are consistent with the TRF1 Myb-like motifs binding in a tandem orientation every 6 bp along telomeric DNA, which corresponds to the length of the human telomere repeat.
Binding of two TRF1 Myb-like motifs with a centre-to-centre spacing of 6 bp is clearly different to the arrangement of the two Myb domains of c-Myb on DNA. In the NMR structure of the c-Myb complex with a specific DNA site (19) the two intramolecularly linked domains contact, in a cooperative manner, binding sites of 3 and 4 bp respectively and together specify a binding site of 6 bp. Therefore, despite a significant sequence similarity between the Myb-like domains of TRF1 and Myb proteins (Fig. 1b) , the size of their DNA binding sites and the spacing between adjacent binding domains is different.
Model of the Myb-like motif of TRF1 in complex with DNA
The significant sequence similarity between the DNA binding motifs of the Myb family of transcription regulators and TRF1 (Fig. 1b) suggests that they have a similar three-dimensional structure. We have made use of the available structural information on the DNA binding domain of c-Myb (19) , homeodomains (28) and the DNA binding domain of RAP1 (18) in complex with their respective DNA binding sites to build a three-dimensional model of the Myb-like motif of TRF1 and its possible interactions with human telomeric DNA. The second motif of c-Myb (residues 93-135), which shares a sequence identity of 32% with the Myb-like motif of TRF1 (residues 381-425) (Fig. 1b) , was used to model the three-helix bundle of TRF1. The TRF1 Myb-like motif can be folded into the three-dimensional structure of the second c-Myb motif without any significant steric clashes (see Materials and Methods). The sequence similarity between c-Myb and TRF1 arises primarily from conservation of structurally important residues that form the hydrophobic core of the three-helix bundles, as well as conservation of basic residues in the DNA recognition helix of these domains (Fig. 1b) .
Furthermore, we assumed that the TRF1 Myb-like domain, by analogy with homeodomains, is preceded by a short N-terminal arm. This was based on the following observations. Firstly, the amino acid sequence alignment of the TRF1 Myb-like domain with the Engrailed homeodomain shows that residues in the N-terminal arm of Engrailed that are used to contact bases in the minor groove of DNA are also present in identical positions in TRF1 (residues 378-380) (Fig. 1b) . Secondly, in contrast to the DNA binding motifs of c-Myb (19) , homeodomains and the Myb-like domain of TRF1 can bind to DNA as monomers with high affinity, presumably due to the additional contacts made by the N-terminal arm (29) . Thirdly, the high resolution structure of the telomere binding protein RAP1 shows that each of the two subdomains in addition to the three-helix bundle uses a short N-terminal arm for sequence-specific DNA recognition (18) .
Docking of the resulting model for the TRF1 Myb-like domain (TRF1 371-439 ) onto telomeric DNA (in B-DNA conformation) was made taking into account the DNA contacts made by the N-terminal arm of Engrailed (28) and the three-helix bundles of the RAP1 subdomains (18) . The best fit was obtained when the model of the TRF1 Myb-like domain was aligned over the sequence GGGTTA/TAACCC (Fig. 5) . This alignment has a surprising complementarity in the pattern of specific contacts and predicts specific contacts from both the N-terminal arm and the three-helix bundle. Residues R378 and R380 in the N-terminal arm of the TRF1 Myb-like domain could interact with two bases within the telomeric repeat GGGTTA/TAACCC in a similar way to the corresponding residues in the Engrailed homeodomain, which contact two bases in the binding site TAATTA/TAATTA (28) . A similar contact is made by a residue in the N-terminal arm of each of the RAP1 subdomains (GGGTGT/ACACCC). This interaction positions the three-helix bundle of TRF1 in the major groove over the sequence GGGTTA/TAACCC. Significantly, a very similar telomeric sequence GGGTGT/ACACCC is recognized by the three-helix bundles of the two RAP1 domains. The analogy between TRF1 and RAP1 is further supported by the observation that key residues for specific interaction are present at corresponding positions on the DNA recognition helices of TRF1 and RAP1 (RAP1, 541, WRDRFR; TRF1, 420, LKDRWR) (Fig. 1b) . Hence TRF1 and RAP1 could make a similar pattern of protein-DNA contacts, e.g. residues K421 and R425 of TRF1 are positioned to interact with bases in the G base triplet (GGGTTA/ TAACCC) and D422 of TRF1 could contact either an adenine or cytosine (GGGTTA/TAACCC). Further discussion about the detailed pattern of contacts would be speculative, since they are likely to be affected by other factors such as water-mediated protein-DNA interactions and the exact orientation of the DNA recognition helix within the major groove, which is different for c-Myb and RAP1 (18, 19) . In addition to base-specific contacts to the sequence GGGTTA, the model described above (Fig. 5) predicts contacts with the ribose-phosphate backbone. When such contacts are taken into consideration the binding site of the TRF1 Myb-like domain extends over the sequence AGGGTTA. Thus the binding site predicted from the model is in very good agreement with the binding site TAGGGTTAG defined from the primer extension analysis. The experimentally determined binding site is longer than that obtained from the model by one base pair at each end, but this is probably due to end effects of the method, rather than reflecting real contacts.
Correlation between experimental and theoretical DNase I footprints
The validity of the alignment of the Myb-like domain of TRF1 on the human telomeric repeats was tested further by comparing the experimentally determined DNase I protection pattern with a theoretical one derived from the model described above (Fig. 6) . The theoretical DNase I footprint was created using the threedimensional structure of the DNase I-DNA complex to obtain precise information on the relationship between the binding and cleavage sites and steric exclusion (30, 31) . The area protected from DNase I cleavage by bound protein on each of the two DNA strands was determined by making a series of superpositions of the DNase I structure over the model of the TRF1 Myb-like domain-DNA complex (see Materials and Methods).
The experimental DNase I footprint for both the C-rich and G-rich strands spans ∼11 bp (Fig. 6a and b) encompassing the sequence GGGTTA/TAACCC that is predicted to be specifically bound in the model of the protein-DNA complex (Fig. 5) . For the C-rich strand the theoretical and experimental DNase I footprints are in perfect agreement (Fig. 6b) . The model predicts that the protection between A 19 and C 29 arises from binding of the three-helix bundle and the N-terminal arm that crosses from the major groove into the minor groove at A 25 . The hypersensititve site A 19 represents the left-hand border of the binding site of the protein. From the model it can be seen that a second protected region on the C-rich strand (A 15 -A 18 ) arises from steric hindrance. For the G-rich strand the observed and predicted footprints are also in good overall agreement, except for a short protected region (G 22 -T 24 ) , which from the model we would predict to be accessible to DNase I cleavage (Fig. 6b) . This difference might be due to the presence of an additional nine amino acids that are not included in the model (Fig. 5) . This region extends beyond the N-terminal arm and might be in a position to protect G 22 -T 24 . An alternative explanation is that the protein may induce a conformational change in the DNA, preventing DNase I cleavage.
In summary, the good agreement we have found between the theoretical and experimental DNase I footprints (Fig. 6 ) provides additional evidence for specific binding of the TRF1 Myb-like domain to the human telomeric sequence GGGTTA.
DISCUSSION
We show, using gel retardation analysis (Figs 2 and 3) , primer extension (Fig. 4) and DNase I footprints analysis (Fig. 6) , that the isolated Myb-like domain of the human telomere binding factor TRF1 binds sequence specifically and with significant affinity to the sequence AGGGTTA. Furthermore, the size of this binding site, 6-7 bp, is more consistent with the Myb-like domain of TRF1 binding to DNA in the same way as a homeodomain rather than a Myb domain. Based on amino acid sequence similarities and precise three-dimensional information from the structurally related DNA binding domains of c-Myb, the yeast telomere binding protein RAP1 and the Engrailed homeodomain, we propose a three-dimensional model for interaction of the Myblike domain of TRF1 with its telomeric recognition site (Fig. 5) . The model predicts that the TRF1 Myb-like domain consists of a three-helix bundle similar to that seen in the NMR structure of c-Myb (19) and a short N-terminal arm of the type seen in homeodomains (see for example 28) and the two DNA binding domains of RAP1 (18) . The N-terminal arm extends DNA recognition from 3-4 bp, as seen for the c-Myb domains, to 5-6 bp, as seen for the RAP1 domains. One of the most interesting results emerging from the model of the human TRF1-DNA complex is that base-specific contacts are made within the sequence GGGTTA, which is very similar to the (G)GGTGT sequence recognized by each of the two domains of RAP1. Recognition of similar binding sites for RAP1 and TRF1 arises from conservation in the two proteins of the most important DNA binding residues, resulting in a conserved pattern of protein-DNA contacts.
The telomeric sequence motif GGGTTA is not only conserved in vertebrates but is also found in the telomeres of more distantly related eukaryotes, e.g. Arabidopsis and Trypanosomes. A partial subsite, the sequence GGTTA, forms part of the most frequently occurring repeating unit GGTTAC of the rather irregular telomeric DNA of S.pombe. The S.pombe telomere binding factor TAZ1 contains a Myb-like domain (7) which shows significant sequence similarity (30% identity) and hence is expected to have the same structure as the Myb-like domain of human TRF1 (8) . The sequence similarity includes a set of basic residues within the region expected to be the DNA recognition helix (4, 9) as well as in the region proposed to form an N-terminal arm in TRF1. Although the binding site of TAZ1 on S.pombe telomeric DNA is not known, conservation in the protein sequence of the Myb-like domains of TAZ1 and TRF1 is consistent with recognition of the sequence GGTTA. In summary, the available information on telomere repeat binding proteins indicates that they use a common protein fold to interact with similar sequences present in the telomeric repeats of eukaryotes.
The tandem organization of short repeats results in long arrays of double-stranded DNA containing a number of potentially closely spaced binding sites. The binding studies presented here not only show that an isolated TRF1 Myb-like domain binds to the sequence GGGTTA, but that two domains can bind next to each other with a centre-to-centre spacing of 6 bp (Figs 1 and 3 ). In the model in Figure 7 two Myb-like domains of TRF1 have been docked onto telomeric DNA with a 6 bp centre-to-centre spacing. The two domains can interact with the closely spaced telomeric repeats with no steric clashes, since the consequence of this spacing is that adjacent domains are bound on opposite faces of the DNA double helix (Fig. 7) . This observation is relevant to the question of how the TRF1 homodimer binds to telomeric repeats. Full-length TRF1 binds to DNA as a preformed homodimer and both Myb-like domains are apparently required for high affinity binding, providing experimental evidence that both Myb-like domains are involved in DNA recognition (17) . The observation that TRF1 binds weakly to a three-repeat sequence and with considerably higher affinity to 6 and 12 TTAGGG repeats (17, 22) suggests, however, that binding of dimeric full-length TRF1 may be more complex than binding of two isolated Myb-like domains. The use of two Myb-like domains to recognize DNA provides a means of increasing both the binding affinity and specificity, by allowing the distance between the two binding sites, or half-sites, to be recognized. The linking of two domains is also seen in RAP1, but in this case they are intramolecularly linked and the centre-to-centre spacing is 8 bp (18) .
Further biochemical studies will be required to reveal the DNA binding mode of dimeric TRF1. In addition, structural studies on a number of Myb-like domains from telomeric proteins from different organisms in complex with their respective telomeric DNA binding sites should reveal to what degree the patterns of protein-DNA interactions at telomeres are evolutionarily conserved.
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